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TUBULAR CONDENSERS HAVING TUBES 
WITH EXTERNAL ENHANCEMENTS 

FIELD OF THE INVENTION 

The invention relates to tubes that are generally contained 
in tube bundles and have enhanced capacity for exchanging 
heat betWeen ?uids external to the tubes and passing through 
the tubes. An exemplary tube bundle extends vertically Within 
a distillation column and is used to condense liquid from 
vapors generated in the column. 

DESCRIPTION OF RELATED ART 

Heat exchangers are prevalent in re?ning, petrochemical, 
and other industrial applications in order to e?iciently trans 
fer heat available in one process ?uid to another ?uid, such 
that the overall utility requirements are reduced. The advan 
tages of using heat exchangers, for example, to optimiZe the 
recovery of heat and thereby minimiZe the costs associated 
With outside sources of cooling/refrigeration media (e.g., 
cooling Water) and/or heating media (e.g., fuel gas) are Well 
recogniZed. The art has continually sought to improve the 
performance of heat exchangers by achieving the closest pos 
sible approach to the equilibrium level of heat transfer 
betWeen tWo ?uid streams at the loWest possible equipment, 
operating, and maintenance costs. 

Heat exchange is commonly carried out, for example, 
betWeen a relatively hot reactor ef?uent ?uid and a relatively 
cold reactor feed ?uid. A combined reactor feed/ef?uent heat 
exchanger in this case can bene?cially add at least a portion of 
the heat required to raise the reactor feed to a speci?ed reac 
tion temperature and at the same time remove at least a 
portion of the heat required to cool the reactor e?luent for 
further processing or storage. A speci?c application for heat 
exchangers involves their use Within (rather than external to) 
other processing equipment such as vapor-liquid contacting 
apparatuses and even reactors. In the case of a reactor, for 
example, a heat exchanger Within a vapor space above a 
reaction Zone may bene?cially condense evaporated reac 
tants While alloWing the removal of uncondensed vapors, 
particularly product vapors. 

Vapor-liquid contacting apparatuses knoWn to utiliZe inter 
nal heat exchangers, and particularly condensers, include 
distillation columns. The speci?c operating conditions of dis 
tillation columns employing internal heat exchangers may 
vary signi?cantly in order to accomplish a Wide range of 
component separations from vastly different types of mix 
tures that may be subjected to distillation. Examples of dis 
tillation columns include those used in a number of column 
separations such as stripping and recti?cation, as Well as 
those used in various forms of distillation such as fractional 
distillation, steam distillation, reactive distillation, and distil 
lation in divided Wall columns. These separation processes 
may be operated using distillation columns in either batch or 
continuous modes, With common design objectives being the 
reduction in installed and operating costs. The equipment and 
utilities required for the supply and removal of heat to and 
from the column signi?cantly impact these costs in many 
cases. 

Various bene?ts may be achieved from installing heat 
exchangers inside distillation columns or other apparatuses, 
rather than external to the cylindrical column shell. These 
bene?ts may be appreciated With reference to the operation of 
conventional external heat exchangers, Which require remov 
ing a stream from the column, passing it through the external 
exchanger to supply or remove heat, and returning at least part 
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2 
of the heated or cooled stream back to the column. For 
example, overhead vapor may be WithdraWn from a top or 
overhead section of the column (e.g., after rising from a top 
contacting tray) and passed to an external heat exchanger, 
namely a condenser or partial condenser, that condenses liq 
uid from the WithdraWn vapor, a portion of Which is then 
generally returned (e.g., using a pump) to the column as 
re?ux. In addition to an external heat exchanger and pump, 
the overhead system frequently also comprises a receiver 
vessel to separate the condensed liquid from uncondensed 
vapor, as Well as the associated pipes, valves, and instrumen 
tation. In a manner analogous to that of a condenser, external 
reboiler heat exchangers may also provide vapor to (rather 
than remove vapor from) the column by heating a liquid 
stream removed from the bottom section of the column. Like 
Wise, vapor and liquid streams may be WithdraWn from a 
central section betWeen the top and bottom sections of the 
column, heated or cooled using an external heat exchanger, 
and returned to the column. In each case, the equipment 
requirements are comparable. 
By locating a heat exchanger Within a vapor-liquid contact 

ing apparatus such as a distillation column, some equipment 
(e.g., an overhead re?ux pump) and the associated supporting 
structure can be eliminated, thereby saving both equipment 
cost and space. Additionally, the pressure drop through an 
internal heat exchanger can be loWer than that for an equiva 
lent external heat exchange system. This becomes an impor 
tant factor When the column is operated at nearly atmospheric 
or even sub-atmospheric pressure, for example in cases Where 
the column temperatures are limited due to heat sensitivity of 
the mixture being processed in the column. 

Representative examples of loW pressure distillation col 
umns in Which internal condensers have been successfully 
employed include those used in the product recovery sections 
in the commercial production of phenol via cumene oxida 
tion, as Well as in the upstream production of cumene via 
benZene alkylation. Also, U.S. Pat. Nos. 2,044,372, 4,218, 
289, 5,507,356, and DE 198 30 163 A1 describe the use of 
various heat exchangers inside columns to at least partially 
condense vapor in the top section of columns. U.S. Pat. No. 
2,044,372 describes the use of a vertical submerged con 
denser betWeen a loW pressure section and a high pressure 
section of a single column. 
A particular type of heat exchanger that may be used inter 

nally (or that is otherWise commonly employed commer 
cially), is a tubular exchanger comprising a bundle of tubes, 
Whereby heat is transferred betWeen ?uid external to the tubes 
and ?uid passing through the tubes. So-called “stabbed-in” 
tube bundles have advantages over internal Welded plate 
bundles in terms of their ease of removal for maintenance or 
replacement. In the case of stabbed-in tubular condensers, 
With the tubes being oriented horiZontally or vertically in the 
top section of a distillation column, overhead vapor in the 
column is condensed on the outside or external surface of the 
tubes. 
The operation of such internal tubular condensers, hoW 

ever, is normally associated With loW pressure drops and/or 
loW local mass velocities of the ?uid being cooled (e.g., 
column overhead vapor that is enriched in a loWer boiling 
component). This results in loW heat transfer coef?cients that 
can translate, particularly in the case of large columns, to 
required heat transfer surface areas that exceed What is prac 
tically installed (in terms of siZe and/or Weight) as a tube 
bundle. Conventional approaches in these situations have 
been to resort to the use of internal, Welded plate heat 
exchangers or even external condensers. There is therefore an 
ongoing need in the art for improvements in the heat transfer 
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coe?icient (and the corresponding reduction in required con 
denser tube surface area), and/or overall performance of tubu 
lar condensers, and particularly those disposed Within a 
vapor-liquid contacting apparatus such as a distillation col 
umn. 

SUMMARY OF THE INVENTION 

The present invention is associated With the discovery of 
improvements in heat exchangers comprising tube bundles 
and particularly internal tubular condensers disposed Within 
vapor-liquid contacting apparatuses such as distillation col 
umns. Aspects of the invention relate to condenser tubes 
having surface enhancements that improve their perform 
nance, especially When aligned or extending substantially 
vertically Within a section (e.g., an overhead section) of the 
length of a vertically oriented column. The surface enhance 
ments of the tubes bene?cially improve their heat transfer 
coe?icient and consequently the overall heat exchange capac 
ity of an internal tubular condenser bundle of a given siZe that 
employs these tubes. This higher capacity in some instances 
(e. g., in the case of large columns and/or columns operating in 
loW pressure drop/loW mass velocity regimes) can overcome 
the requirement to use more costly heat exchangers such as 
Welded plate or external heat exchangers. In particular, the 
tube surface enhancements described herein can increase the 
heat transfer coe?icient of tubes used in a tubular condenser 
such that the required exchanger area is reduced to beloW that 
Which corresponds to a practical siZe limit (e.g., about 1.5 
meters (5 feet) diameter of the tube bundle) or Weight limit for 
installation at the top of a distillation column. 

Embodiments of the invention are directed to apparatuses 
for vapor-liquid contacting. 

Representative apparatuses include distillation columns as 
Well as reactors, including those used in reactive distillation. 
Other types of reactors are those Which may bene?t from 
internally condensing at least a portion of vapors Within the 
reactor. For example, it may be desired to condense a con 
densable portion of the reactor e?luent Within the reactor to 
provide an internal re?ux and/ or avoid all or at least part of the 
doWnstream cooling requirements. 

The apparatuses comprise a vertical or substantially verti 
cal column (e.g., a cylindrical column having an axis that is 
aligned vertically or Within about 5 degrees of vertical). The 
column contains or has disposed therein a plurality of con 
denser tubes or a tube bundle (e.g., in the form of a U-tube 
bundle With U-shaped individual tubes) of the internal tubular 
condenser. According to particular embodiments, the tubes 
extend substantially horiZontally or otherWise substantially 
vertically over a section of the column length, for example an 
overhead section near the top of the column. All or at least a 
portion of the condenser tubes have external surfaces com 
prising one or more surface enhancements to improve the heat 
transfer coe?icient of the tubes. 

Representative surface enhancements include shaped 
recessions, circumferentially extending ?ns, axially extend 
ing ?ns, or a combination of these. In the case of circumfer 
entially extending ?ns, the ?ns may be characteristic of those 
used for “loW ?nned” tubes, With the ?ns having a height from 
about 0.76 mm (0.03 inches) to about 3.8 mm (0.15 inches). 
Circumferentially extending ?ns generally refer to a plurality 
of “plates” that are spaced apart (e.g., uniformly or at regular 
intervals) along the axial direction of the tube. The plates of 
circumferentially extending ?ns, in an alternative embodi 
ment, may be provided by a single, continuously Wound, 
helical spiral rather than discreet extensions. In either case, 
the plates often each have an outer edge (or outer perimeter), 
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4 
With a single tube extending through central sections of a 
plurality of plates. The outer edges of the plates may be 
circular or may have some other geometry, such as rectangu 
lar or elliptical. In the case of circumferentially extending 
?ns, further tube surface enhancements can include one or 
more notches on the outer edges of all or a portion of these ?ns 
or plates, Where the notches may be spaced apart radially 
about the edges, for example, in a uniform manner or at a 
constant radial spacing. In other embodiments, non-uniform 
radial spacing may be used. In the case of tubes used in a 
vertically aligned tube bundle of a condenser, it may be desir 
able to align the notches axially With respect to adjacent ?ns 
(i.e., the immediately higher and/or loWer circumferentially 
extending ?ns). The axial alignment of these notches, such 
that they may be superimposed When vieWed axially, can 
improve condensate drainage. 

In the case of shaped recessions on the tube surface, all or 
at least a portion of the recessions may extend axially (e. g., in 
the form of one or more elongated troughs) or otherWise be 
aligned in one or more axially extending roWs (e.g., in the 
form of a plurality of discreet, smaller recessions). One or 
more axially extending ?ns may also be used as a tube surface 
enhancement to improve the heat transfer coef?cient of the 
tubes. Combinations of any of the surface enhancements 
described herein are generally all located in the same region 
of the tubes used for heat transfer, for example the region 
extending substantially vertically over a section of the length 
of a distillation column. The surface enhancements may also 
be combined With other features such as a tWisted tube geom 
etry, as discussed beloW, in this region. In a particular embodi 
ment, for example, tubes having a tWisted tube geometry may 
also have circumferential ?ns as surface enhancements. In a 
more speci?c embodiment, these circumferential ?ns can 
have outer edges that include a plurality notches. In yet more 
speci?c embodiments, the notches may be aligned axially 
With respect to adjacent circumferentially extending ?ns and/ 
or they may be bent at their respective comers outside of the 
plane of the circumferentially extending ?ns. 

Alone or in combination With surface enhancements, the 
tubes themselves, While extending in a generally linear direc 
tion, may have, in at least one region of the tubes used for heat 
transfer as described above, a non-linear central axis, Which 
can provide a non-linear internal ?oW path for ?uid ?oW 
through the tubes. For example, the tubes, as Well as their 
internal central axes, may have a Wave, jagged, or helical 
(coiled) shape to increase pressure drop and/or ?uid mixing. 
OtherWise, an overall helical ?uid ?oW path can be provided, 
for example, in the case of a ?attened or eccentric pro?le tube 
(e.g., having a rectangular cross-section or otherWise an oval 
shaped or elliptical cross section) that has a tWisted tube 
geometry (i.e., such that a major axis of the cross-sectional 
shape, for example the major axis of an ellipse, rotates clock 
Wise or counterclockwise along the linear direction of the 
tube). In the case of a tWisted tube geometry, the central axis 
of ?uid ?oW may be linear or non-linear (e. g., helical). Adja 
cent tubes extending generally linearly, for example in a 
distillation column section Where heat transfer takes place, 
but having a Wave, jagged, or helical shape or a tWisted tube 
geometry may have a plurality of external contact points With 
adjacent tubes, With these contact points possibly being 
evenly spaced apart by regions Where the adjacent tubes are 
not in contact. Such spaced apart contact points With one or 
more adjacent tubes can physically stabiliZe the positions of 
the tubes and even avoid the need for baf?es or tube supports. 

Alternatively, an enhanced condensing layer (ECL) may be 
applied to the outside or external surfaces of the tubular 
condenser tubes as another type of surface enhancement. 
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Examples of ECLs include textured surfaces, chemical coat 
ings that improve drop-Wise condensation, nano-coatings, 
etc. 

In addition to their exterior surfaces, the tube internal sur 
faces may be modi?ed to improve heat transfer capability. For 
example, all, a majority, or at least a portion of the tubes in the 
tube bundle may have internal surfaces, at least in a region of 
the tubes that extends (e.g., vertically or horizontally) over a 
section of the column length, onto Which a coating is bonded. 
If a coating is used, it is generally bonded to at least a region 
of the tubes (e.g., Where condensation occurs on the external 
tube surfaces) having the surface enhancement(s), as dis 
cussed above, on outer or external surfaces. A representative 
internal tube surface coating comprises a porous metallic 
matrix that can improve the internal heat transfer coe?icient 
of the tube and consequently the overall heat exchange capac 
ity of a condenser using the tubes. Some suitable coatings are 
referred to as enhanced boiling layers (EBLs), Which are 
knoWn in the art for their applicability to heat transfer sur 
faces on Which boiling occurs, and particularly for their abil 
ity to achieve a high degree of heat transfer at relatively loW 
temperature differences. An EBL often has a structure com 
prising a multitude of pores that provide boiling nucleation 
sites to facilitate boiling. 
An EBL or other coating may be applied to the inside or 

internal surfaces of tubular condenser tubes. A representative 
metal coating is applied as described, for example, in US. 
Pat. No. 3,384,154. The coated metal is subjected to a reduc 
ing atmosphere and heated to a temperature for su?icient time 
so that the metal particles sinter or braZe together and to the 
base metal surface. An EBL may also have mechanically or 
chemically formed reentrant grooves as described, for 
example, inU.S. Pat. No. 3,457,990. Other knoWnmethods of 
applying coatings and EBLs in particular to metal surfaces, 
such as the internal surfaces of metal tubes, that may be used 
include those described in GB 2 034 355, US. Pat. No. 
4,258,783, GB 2 062 207, EP 303 493, US. Pat. Nos. 4,767, 
497, 4,846,267, and EP 112 782. 

In addition to EBLs, another internal enhancement for 
condenser tubes involves the use of one or a plurality of 
ridges, Which may, for example, be in the form of a spiral or 
multiple spirals. Such ridges may be used to further improve 
the transfer of heat, and particularly sensible heat, across the 
internal tube surface. Internal ridges may be used alone or in 
combination With other features of condenser tubes as 
described herein. Further internal enhancements include 
tWisted tape, Wire matrix inserts (e.g., from Cal-Gavin Lim 
ited, WarWickshire, UK), and other in-tube heat transfer 
devices that can enhance the tubeside heat transfer coe?i 
cient. 

Other embodiments of the invention are directed to tube 
bundles for a condenser comprising tubes as described above. 
According to particular embodiments, at least a portion of the 
tubes, in an axially (e.g., vertically or horizontally, depending 
on the orientation of the tube bundle) extending section, have 
internal surfaces having a coating (e.g., a porous metallic 
matrix as discussed above) bonded thereon, and have external 
surfaces comprising circumferentially extending ?ns. These 
circumferential ?ns may be characteristic of “loW ?nned” 
tubes having a height from about 0.76 mm (0.03 inches) to 
about 3.8 mm (0.15 inches). The circumferentially extending 
?ns may have outer edges that include a plurality notches. 
According to particular embodiments in the case of notches 
being present on the circumferentially extending ?ns, these 
notches may be aligned axially With respect to adjacent cir 
cumferentially extending ?ns and/ or they may be bent at their 
respective corners outside of the plane of the circumferen 
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6 
tially extending ?ns. According to other embodiments, at 
least a portion of the tubes have a non-linear central axis 
and/or a tWisted geometry, as discussed above, in the axially 
extending section, and optionally a plurality of spaced apart 
points of external contact With adjacent tubes. According to 
other embodiments, tube bundles may comprise tubes having 
tWo or more types of shaped recessions on the external sur 
face, namely smaller discreet shaped recessions and larger, 
axially extended shaped recessions. The smaller recessions 
can advantageously provide capillary action to reduce the 
condensate ?uid layer thickness by using the liquid surface 
tension. Outer edges of these recessions may be aligned in 
axially extending roWs along the external surfaces of the 
tubes. 

Further aspects of the invention relate to the use of any of 
the condenser tubes as described above in tube bundles for 
heat exchange applications. Accordingly, embodiments of the 
invention are directed to methods of indirectly exchanging 
heat betWeen tWo ?uids, a ?rst ?uid and a second ?uid, 
comprising contacting the ?rst ?uid With external surfaces of 
any of the condenser tubes as described above and passing the 
second ?uid through the tubes. In particular applications in 
Which the tube bundles are used as condensers, the ?rst ?uid 
is hotter than the second ?uid, and a fraction of this ?rst ?uid 
is condensed on external surfaces of the tube bundle. 
A particular heat exchange application of commercial 

interest involves the use of the condenser tubes in internal 
condensers for vapor-liquid contacting apparatuses such as 
distillation columns. Distillation refers to a separation pro 
cess based on differences in the relative volatility of compo 
nents present in an impure mixture. Distillation involves the 
puri?cation of components having differing relative volatili 
ties by achieving multiple theoretical stages of vapor-liquid 
equilibrium along the length of a vertical column. Rising 
vapor, enriched in a loWer boiling component relative to the 
liquid from Which it is vaporiZed in a loWer stage in the 
column, is contacted With falling liquid, enriched in a higher 
boiling component relative to the vapor from Which it is 
condensed in a higher stage in the column. 

Accordingly, particular embodiments of the invention are 
directed to the use of tube bundles, comprising tubes as 
described above, in heat exchangers Within vapor-liquid con 
tacting apparatuses such as distillation columns. A ?rst ?uid 
comprising distillation column vapor, often rising in a top or 
overhead section of the column, is enriched in a loWer boiling 
component, the puri?cation of Which is the objective of the 
distillation. This ?rst ?uid is contacted With the external sur 
faces of the tubes or tube bundle (e.g., to condense a liquid 
from this ?rst ?uid that is enriched in the loWer boiling com 
ponent, relative to the impure mixture being fed into the 
column and puri?ed), While a second, cooling ?uid (e.g., 
cooling Water) is passed through the tubes. As a result of 
contacting the ?rst ?uid With the external surfaces of the 
tubes, a condensed liquid and a non-condensed vapor are 
formed. The non-condensed vapor may be removed from the 
column, While the condensed liquid is returned to an imme 
diately loWer contacting stage, for example as overhead 
re?ux. 

These and other aspects and embodiments associated With 
the present invention are apparent from the folloWing 
Detailed Description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 depicts the upper section of a distillation column 
having an internal tubular condenser, With the tubes extend 
ing vertically over a section of the column length. 
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FIG. 2 depicts a representative section of a tube for a 
tubular condenser, in Which the tube has external surface 
enhancements in the form of circumferentially extending ?ns 
as discreet extensions. 

FIG. 2A depicts a representative section of a tube for a 
tubular condenser, in Which the tube has external surface 
enhancements in the form of circumferentially extending ?ns 
as a single, continuously Wound, helical spiral. 

FIG. 3 depicts a cross-sectional vieW of the tube section of 
FIG. 2, through A-A'. 

FIG. 4A depicts a modi?cation of the tube of FIGS. 2 and 
3, in Which a plurality of axially aligned notches, having a 
curved cross-sectional shape, are included on outer edges of 
circumferentially extending ?ns. 

FIG. 4B depicts a further modi?cation of the tube of FIGS. 
5 and 6, in Which a plurality of axially aligned notches, having 
a triangular cross-sectional shape, are included on outer edges 
of circumferentially extending ?ns. 

FIG. 4C depicts a representative section of a tube having 
circumferentially extending ?ns as shoWn in FIG. 4B, but 
With the notches being bent at their respective comers outside 
of the plane of the circumferentially extending ?ns, and in 
opposite directions. 

FIG. 5 depicts a representative section of a tube having 
surface enhancements in the form of small shaped recessions 
aligned in axially extending roWs that alternate, about the 
radial tube periphery, With larger, axially extending shaped 
recessions in the form of troughs, as Well as internal spiral 
ridges. 

FIG. 6 depicts a representative section of a tube having 
surface enhancements in the form of axially extending shaped 
recessions or troughs that form axially extending ridges 
resulting from the axial extension of sections or points of the 
external tube surface that do not form the recessions. 

FIG. 7A depicts a cross-sectional vieW of a tube having 
surface enhancements in the form of axially extending shaped 
recessions having a semi-circular cross-sectional shape and 
spaced about the radial tube periphery. 

FIG. 7B depicts a cross-sectional vieW of a tube having 
surface enhancements in the form of axially extending shaped 
recessions having a triangular cross-sectional shape and 
spaced about the radial tube periphery. 

FIG. 7C depicts a cross-sectional vieW of a tube having 
surface enhancements including both axially extending 
shaped recessions, having a notched, triangular cross-sec 
tional shape, that form alternating axially extending ridges. 

FIG. 7D depicts a cross-sectional vieW of a tube having 
surface enhancements in the form of axially extending shaped 
recessions having a semi-circular cross-sectional shape, With 
the axially extending ridges formed betWeen these shaped 
recessions also having a semi-circular cross-sectional shape. 

FIG. 8 depicts a representative section of a tube having 
surface enhancements in the form of axially extending ?ns 
that are spaced about the radial tube periphery. 

FIG. 9 depicts a cross-sectional vieW of the tube section of 
FIG. 8, through A-A'. 

FIG. 10A depicts a representative section of a tube having 
a tWisted tube geometry as a tube enhancement. 

FIG. 10B depicts a cross-sectional vieW of the tube of FIG. 
10A. 
The same reference numbers are used to illustrate the same 

or similar features throughout the draWings. The draWings are 
to be understood to present an illustration of the invention 
and/or principles involved. As is readily apparent to one of 
skill in the art having knowledge of the present disclosure, 
vapor-liquid contacting apparatuses, and particularly those 
comprising vertically oriented columns having tubular con 
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8 
densers disposed therein, according to various other embodi 
ments of the invention, Will have con?gurations (e. g., a num 
ber of tube passes) and components determined, in part, by 
their speci?c use. 

DETAILED DESCRIPTION 

The invention is associated With improvements in heat 
exchangers and particularly internal tubular condensers used 
in vapor-liquid contacting apparatuses such as distillation 
columns. Internal tubular condensers, often referred to in the 
art as “column installed” or “stabbed-in” tubular condensers 

When used to condense vapors generated in distillation, are 
typically installed in the upper vapor-liquid contacting sec 
tion of a column, either vertically from the top, as shoWn in 
FIG. 1, or horiZontally from the side. As discussed above, 
such internal tubular condensers are normally desirable in 
loW mass velocity/loW pressure drop services, but their eco 
nomic attractiveness compared to external heat exchangers or 
internal, Welded plate exchangers is often dictated by their 
performance in terms of the heat transfer coe?icient of the 
individual tubes and consequently the overall heat exchange 
capacity of the condenser. The use of tubes having one or 
more surface enhancements, particularly in the case of verti 
cally extending internal tubular condensers can effectively 
improve their performance. 

Vertically extending condensers refer in particular to heat 
exchangers having a tube bundle in Which the tubes extend 
vertically or substantially vertically over a section (e.g., a top 
or overhead section) of the column length. Condensate form 
ing on these tubes must therefore drain vertically, or along at 
least a portion of the axial length of the tubes. The various 
tube surface enhancements described herein may serve, alone 
or in combination, to facilitate this condensate drainage and/ 
or reduce the layer thickness of formed condensate, thereby 
improving the heat transfer coef?cient of the tubes. In repre 
sentative embodiments, for example, the use of such surface 
enhancement(s) Will generally increase the tube heat transfer 
coe?icient in a given condensing service (e.g., in a distillation 
column used in the product recovery section in the commer 
cial production of phenol via cumene oxidation) by a factor of 
at least about 1.5, typically from about 2 to about 10, and often 
from about 3 to about 5, relative to the heat transfer coef?cient 
obtained With identical tubes but lacking the surface enhance 
ment(s). 
As discussed above, this improvement in heat transfer 

coe?icient decreases the tube area needed, such that tubular 
condensers employing these enhancements can be feasibly 
installed in larger-diameter distillation columns, for example 
those having a diameter of generally greater than about 0.9 
meters (3 feet), typically in the range from about 1.07 meters 
(3 .5 feet) to about 6.10 meters (20 feet), and often in the range 
from about 1.22 (4 feet) to about 4.88 meters (16 feet). The 
use of tube bundles in tubular condensers, in Which at least a 
portion of the individual tubes have surface enhancements as 
described herein, may in some cases provide an economically 
attractive alternative, relative to external condensers or even 
Welded plate internal condensers. Any of the tubes described 
beloW, having surface enhancements, Will generally have an 
outer diameter in the range from about 13 mm (0.5 inches) to 
about 38 mm (1.5 inches), and often from about 19 mm (0.75 
inches) to about 32 mm (1.25 inches). The inner diameters of 
such tubes are generally in the range from about 6 mm (0.25 
inches) to about 32 mm (1 .25 inches), and often from about 13 
mm (0.5 inches) to about 25 mm (1 inch). The inner and outer 
diameters can be determined and/or optimiZed for a given 
service based on a number of factors, including the design 
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?oW rates, pressure drops, and heat transfer coe?icients, as 
Will be appreciated by those having skill in the art and knoWl 
edge of the present disclosure. 

FIG. 1 shoWs an upper section of a distillation column 20 
having an internal tubular condenser 30, With a plurality of 
tubes 2 extending vertically over a section 4 of the column 
length. It is recogniZed that the entire length of the tube Will 
generally not extend only in one direction, but Will normally 
curve, for example in a U-bend, as shoWn in FIG. 1, to redirect 
?uid passing through the tubes back to a common tube sheet 
6 securing the tWo ends of each of the tubes so that they are in 
communication With respective tube-side inlet 8 and outlet 1 0 
conduits. During operation, upWardly ?oWing vapor 12a in 
the upper section of the distillation column 20 contacts tubes 
2, through Which cooling ?uid (e.g., cooling Water) is passed 
from the tube-side inlet 8 to the tube-side outlet 10. Contact 
betWeen the relatively hot vapor 12a, comprising condens 
able material, and the relatively cool external surfaces of 
tubes 2 causes condensation, With condensed liquid falling 
back into the column interior and non-condensed vapor exit 
ing through a non-condensed vapor outlet 14 that may be in 
communication With the column exterior. Both (i) the 
upWardly ?oWing vapor 12a and (ii) the fraction of this 
upWardly ?oWing vapor 1211 that is the non-condensed vapor 
exiting the column are enriched, as a result of the distillation, 
in a loWer boiling component initially present in an impure 
mixture. Compared to the upWardly ?oWing vapor 1211 Within 
the column, the non-condensed vapor exiting the column 
through outlet 14 Will normally be more enriched in this 
component, as a result of removing additional, higher boiling 
impurities through condensation. To improve contacting With 
tubes 2, the ?oW of upwardly-?owing vapor 12a may be 
diverted (e.g., in a side-to-side manner as it travels generally 
upWardly through tube bundle) using one or more baf?es 16. 

In the case of internal distillation column condensers, and 
particularly those having vertically or substantially vertically 
oriented condenser tubes, surface enhancements, in at least 
the region of the tubes extending over a section of the column 
length, include circumferentially extending ?ns, as illustrated 
in FIG. 2. FIG. 2A shoWs circumferentially extending ?ns 
1511 provided by a single, continuously Wound, helical spiral 
rather than discreet extensions, as shoWn in FIG. 2. In the case 
of tubes 2 comprising circumferentially extending ?ns 15a, a 
?n height of less than about 6.4 mm (0.25 inches) is repre 
sentative, With ?n heights typically being in the range from 
about 0.51 mm (0.02 inches) to about 5.1 mm (0.20 inches), 
and often being in the range from about 0.76 mm (0.03 
inches) to about 3.8 mm (0.15 inches). As is illustrated in the 
cross-sectional vieW of FIG. 3, circumferentially extending 
?ns 1511 may be in the form of ?at plates or discs having a 
circular cross section that is concentric With circular cross 
sections of internal surface 25 and external surface 27 With 
these cross sections being circles With inner and outer diam 
eters, respectively, of tubes 2. The ?n height can therefore be 
measured as the distance from the external surface 27 of a 
tube 2 to the outer edge 29 of circumferentially extending ?n 
1511. In cases Where the ?ns have geometries that are not 
circular (e.g., elliptical or rectangular), Where the ?n cross 
sectional shape is not concentric With the central axis of the 
tube 2, or Where the tube 2 itself has a non-circular (e.g., 
?attened or elliptical) cross section, the ?n height may be the 
average distance from the outer edge 29 of circumferentially 
extending ?n 15a to the external surface 27 of tube 2. 

FIG. 4A shoWs a cross-sectional vieW of a tube 2 having 
surface enhancements in the form of ?ns 15a, as shoWn in 
FIGS. 2 and 3. In the embodiment illustrated in FIG. 4A, 
hoWever, a plurality of notches 35 are “cut” from, or shaped 
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1 0 
in, the outer edges 29 of ?ns 15a. Notches 35 shoWn in FIG. 
4A have a curved cross-sectional shape (e. g., semi-circular), 
but other curved cross-sectional shapes or rectangular cross 
sectional shapes may be used for notches 35. For example, 
FIG. 4B shoWs notches 35 having a triangular cross-sectional 
shape. Also as illustrated in FIGS. 4A and 4B, notches may be 
spaced evenly about the outer edge 29 or periphery of ?n 15a. 
In a particular embodiment, in Which circumferentially 
extending ?ns 15a, as surface enhancements, have outer 
edges 29 that include notches 35 having a triangular (or other) 
cross-sectional shape, these notches 35 may be bent at their 
respective comers 37 outside of the plane of the circumfer 
entially extending ?ns, for example opposing comers 37 of a 
triangular cross section may be bent in the same or opposite 
directions. In the particular embodiment illustrated in FIG. 
4C, for example, these notches 35 are bent at their respective 
corners 37 in opposite directions. In a preferred embodiment, 
and particularly in the case in Which the tubes are used in 
vertical, column-installed condensers, all or a portion of 
notches 35, Whether or not they are bent, may be aligned 
axially, With one or more corresponding notch(es) in the outer 
edge of one or both adjacent circumferentially extending ?ns 
(e.g., in both of the circumferentially extending ?ns located 
immediately above and immediately beloW, in the case of a 
vertically extending tube). Axial alignment of notches is also 
illustrated in the representative embodiment of FIG. 4C. This 
axial alignment of notches can promote improved drainage of 
condensate from the tubes, particularly in the vertical direc 
tion. 

In the same manner as described above With respect to 
notches on outer edges of ?ns, notches or recessions having 
various cross-sectional shapes may be formed directly on the 
outer surfaces of heat exchanger tubes to provide surface 
enhancements. Extending these notches in the axial direction 
on the tube surface results in elongated troughs about the tube 
periphery. Alternatively, discreet, shaped recessions may be 
formed on the external tube surface. While the recessions 
themselves may be small, if desired, in order to provide an 
effective capillary action that reduces condensate layer thick 
ness, such smaller recessions may be aligned axially to pro 
vide an axial or generally axial ?oW path for condensed 
liquid. FIG. 5 depicts tubes 2 having shaped recessions 36a, 
36b on the external surface, Where a portion of these reces 
sions 36a are smaller and are aligned in axially extending 
roWs 22a, for example, With outer edges of the recessions in 
a roW 22a forming a line that extends axially along the exter 
nal surface of the tube. As discussed above, these smaller, 
discreet shaped recessions 3611 on the tube surface can act as 
capillaries, such that the surface tension of the condensed 
liquid is draWn into recessions 3611. In a representative 
embodiment, in order to provide capillary action, each indi 
vidual shaped recession Will normally have only a small area, 
typically less than about 5 mm2 (7.8><10_3 m2) and often in the 
range from about 0.1 mm2 (1.6><10_4 in2) to about 4 mm2 
(6.2><10_3 in2). Aligning at least some of the recessions in one 
or more axially extending roWs alloWs the condensed liquidto 
effectively drain vertically, for example, in a vertically 
extending internal tubular condenser. In the embodiment 
shoWn in FIG. 5, the axially aligned, smaller, discreet shaped 
recessions 3611 are used as surface enhancements in combi 
nation With axially elongated shaped recessions 36b (i.e., 
With the individual recessions extending over a longer axial 
portion). Both of these surface enhancements may be used in 
a common region of the tube that extends over a section of the 
length of a distillation column Where condensation occurs. In 
the particular embodiment illustrated in FIG. 5, roWs 22a of 
discreet, shaped recessions 36a alternate radially about the 
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tube periphery with rows 22b of larger, axially extending 
shaped recessions 36b (e.g., in the form of troughs), between 
which rows the external surface 27 of tube 2 may be smooth. 
FIG. 5 also depicts internal enhancements on internal surface 
25, namely spiral ridges 21, which may be used for improved 
heat exchange. In FIG. 6, the axially extending, shaped reces 
sions 36b are in the form of troughs having a triangular 
cross-sectional shape. 

FIGS. 7A-7D illustrate in more detail some representative 
cross sections of tubes having shaped recessions 36 on their 
external surfaces 27. In particular, the shaped recessions 36 in 
FIGS. 7A and 7D have a curved cross-sectional shape that is 
semi-circular, while the shaped recessions 36 in FIG. 7B have 
a triangular cross-sectional shape. Other curved and rectan 
gular (e.g., semi-elliptical and square) cross-sectional shapes 
are possible. Another embodiment in which tube surfaces are 
enhanced with shaped recessions 36 is shown in FIG. 7C, 
where, as in FIG. 7B, the cross-sectional shapes of recessions 
36, spaced (e.g., uniformly) about the periphery of the surface 
of tube 2, are triangles. In the embodiment shown in FIG. 7C, 
however, these triangles are broad enough such that only 
small sections or points of the external surface 27 of tube 2 
remain (or are not part of the shaped recessions), with these 
sections being spaced radially about the periphery of tube 2. 
The axial extension of these sections or points results in 
axially extending ridges. Such a tube with axially extending, 
shaped recessions 36b or troughs aligned in axial rows 22b is 
also illustrated in the front view of FIG. 6. 

In FIG. 7D, the axially extending ridges, similarly formed 
between these shaped recessions, have a smooth, curved (e.g., 
semi-circular) cross-sectional shape of the same or a similar 
dimension as the curved cross sectional shape forming the 
shaped recessions. The cross sectional shape of this tube 
therefore has a generally circular perimeter de?ned by alter 
nating, concave and convex curves (e.g., semi-circles). The 
resulting, smooth external surface contrasts with the embodi 
ment shown in FIG. 7A, where the shaped recessions form 
edges. Therefore, as shown, for example in the embodiment 
of FIG. 7D, the shaped recessions can provide a ?uted pro?le 
of a ?uted tube. Fluted tubes or other tubes having axially 
extending shaped recessions or discreet, shaped recessions 
aligned in axially extending rows as depicted, for example, in 
FIGS. 7A-7D may be characterized as having two outer diam 
eters. Smaller and larger outer diameters may be the dis 
tances, respectively, to opposing deepest points of recessions 
36 and opposing external surfaces 27, with each of these 
distances being measured through the center of the cross 
section of tube 2. Representative tubes having axially extend 
ing shaped recessions will have smaller and larger outer 
diameters in the ranges from about 13 mm (0.5 inches) to 
about 32 mm (1.25 inches) and from about 19 mm (0.75 
inches) to about 38 mm (1.5 inches), respectively. In exem 
plary embodiments, such a tube will have outer diameters of 
about 19 mm (0.75 inches) and about 25 mm (1.0 inches) or 
outer diameters of about 25 mm (1 .0 inches) and about 32 mm 

(1.25 inches). 
Additional surface enhancements to improve heat transfer 

for vertically extending tubes are shown in FIG. 8, which 
depicts tubes having a plurality of axially extending ?ns 15b 
that may, for example, be in the form of ?at plates raised 
above the external surface 27 of the tube 2 and extending 
axially along the length of the tube. Representative ?ns may 
have a ?n height as described above with respect to the 
heights of circumferentially extending ?ns, with the ?n height 
also being based on the distance (or average distance) 
between the outer edge 29 of axially extending ?n 15b and the 
external surface 27 of tube 2. Otherwise, the ?n heights of 
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12 
axially extending ?ns may be relatively higher, for example 
with ranges from about 3.2 mm (0.125 inches) to about 25 
mm (1 inch), and often from about 6.4 mm (0.50 inches) to 
about 19 mm (0.75 inches) being representative. 
A cross-sectional view of the tube shown in FIG. 8, having 

a plurality of axially extending ?ns 1 5b, in this case spaced 
uniformly about the radial periphery of the tube 2, is shown in 
FIG. 9. As discussed above with respect to circumferentially 
extending ?ns (15a in FIG. 2), axially extending ?ns 15b may 
also have notches with various cross-sectional shapes. FIG. 
10A illustrates a tube having a twisted tube geometry to 
provide an overall helical ?uid ?ow path within the tube. As 
seen in the cross-sectional view of FIG. 10B the eccentric 
pro?le tube has an oval-shaped cross section 50, with the 
major axis 55 that rotates clockwise or counterclockwise 
along the linear direction of the tube). 
Any of the axially extending features (i.e., in the same or 

substantially the same direction as the central axis of the tube) 
discussed above, such as axially extending shaped recessions, 
axially extending rows of shaped recessions, or axially 
extending ?ns, are therefore vertically or horiZontally extend 
ing features, depending on whether the tubes are aligned 
vertically or horiZontally, respectively. In alternative embodi 
ments, any of the described, axially extending features may 
extend or be aligned generally in the axial direction along the 
length of the external surface of the tube, in a non-linear path 
such as a wave, spiral, jagged line, etc. Such embodiments 
provide a generally axial ?ow path (e.g., corresponding to the 
downward ?ow path of condensed liquid along the tube when 
positioned vertically) for ?uid contacting the heat exchange 
surface, where this ?ow path provided by the features is not 
directly, but only generally, axially. 
The use of axially or generally extending shaped reces 

sions and/or ?ns, in this manner, as tube surface enhance 
ments, can reduce condensate ?lm thickness and/ or facilitate 
condensate drainage, thereby improving the heat transfer 
coe?icient of the tube. Such features as surface enhancements 
for tubes are particularly advantageous in internal tubular 
condensers (e. g., disposed in distillation columns), where the 
heat exchange surface area, as well as the total weight of 
equipment that can be practically installed (e.g., at or near the 
top of the column or tower) are both limited. The tube surface 
enhancements discussed above may be used alone or in com 
bination. The tube surface enhancements may also be used in 
combination with internal enhancements as discussed above, 
and particularly spiral ridges that may act to further improve 
heat transfer. Otherwise, these surface enhancements may be 
combined with a coating, such as a porous metallic matrix 
used to form an enhanced boiling layer as discussed above, 
that is bonded onto internal surfaces of the tubes, for example, 
in at least the same region of the tubes (e.g., extending over a 
section of the column height) as the surface enhancements. 
The surface enhancements may also be used in tube bundles 
in which all or a portion of the tubes have a non-linear central 
axis (e.g., a helical axis), or otherwise have a twisted tube 
geometry as discussed above, in at least the same region of the 
tubes as the surface enhancements. In a representative 
embodiment, for example, a tube bundle of a condenser, 
having tubes with a ?uted tube pro?le and an internal 
enhancement including one or more spiral ridges, is aligned 
vertically in the upper section of a distillation column. Vari 
ous other combinations of surface enhancements, optionally 
with an internal surface coating and/ or non-linear or twisted 
geometries, can be incorporated into tubes to improve their 
heat transfer coef?cient, particularly when the tubes are used 
in a tube bundle that is oriented vertically and used in a service 
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in Which condensate drains vertically from the external sur 
faces of the tubes (i.e., on the “shell side” of the condenser). 

Overall, aspects of the invention are directed to improve 
ments in heat exchangers and particularly tubular exchangers 
oriented horizontally or vertically Within contacting appara 
tuses such as distillation columns. Those having skill in the 
art, With the knoWledge gained from the present disclosure, 
Will recogniZe that various changes can be made in the above 
apparatuses, heat exchangers, tubes, and vapor-liquid con 
tacting (e.g., distillation) methods Without departing from the 
scope of the present disclosure. Mechanisms used to explain 
theoretical or observed phenomena or results, shall be inter 
preted as illustrative only and not limiting in any Way the 
scope of the appended claims. 

The invention claimed is: 
1. An apparatus for vapor-liquid contacting, comprising a 

vertically oriented column having disposed therein a plurality 
of condenser tubes extending substantially vertically over a 
section of the column length, Wherein at least a portion of the 
condenser tubes have external surfaces comprising one or 
more surface enhancements; 

Wherein the surface enhancements comprise shaped reces 
sions and at least a portion of the shaped recessions 
extend axially or are aligned in one or more axially 
extending roWs; and 

Wherein the shaped recessions comprise both smaller, dis 
creet shaped recessions and larger, axially extended 
shaped recessions. 
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2. The apparatus of claim 1, the portion of tubes further 

comprise an internal enhancement that includes one or more 
spiral ridges. 

3. The apparatus of claim 1, Wherein the condenser tubes 
have a tWisted tube geometry in a region of the tubes that 
extends over the section of the column length. 

4. The apparatus of claim 1, Wherein at least a portion of the 
condenser tubes have internal surfaces having an internal 
enhancement in a region of the tubes that extends over the 
section of the column length. 

5. The apparatus of claim 4, Wherein the internal enhance 
ment is a coating comprising a porous metallic matrix. 

6. The apparatus of claim 4, Wherein the internal enhance 
ment includes one or more spiral ridges. 

7. A tube bundle for a condenser comprising tubes, Wherein 
at least a portion of the tubes, in an axially extending section, 
have internal surfaces having a coating comprising a porous 
metallic matrix bonded thereon, and have external surfaces 
comprising circumferentially extending ?ns, 

Wherein the circumferentially extending ?ns have a height 
from about 0.76 mm (0.03 inches) to about 3.8 mm (0.15 
inches), 

Wherein the circumferentially extending ?ns have outer 
edges that include a plurality notches, and 

Wherein the notches are bent at their respective corners 
outside of the plane of the circumferentially extending 
?ns. 


